In heavy-fermion superconductors, it is widely believed that the superconducting gap function has sign-reversal due to the strong electron correlation. However, recently discovered fully-gapped s-wave superconductivity in CeCu2Si2 has clarified that strong attractive pairing interaction can appear even in heavy-fermion systems. To understand the origin of attractive force, we develop the multipole fluctuation theory by focusing on the inter-multipole many-body interaction called the vertex corrections. By analyzing the periodic Anderson model for CeCu2Si2, we find that hexadecapole fluctuations mediate strong attractive pairing interaction. Therefore, fully-gapped swave superconductivity is driven by pure on-site Coulomb repulsion, without introducing electronphonon interactions. The present theory of superconductivity will be useful to understand rich variety of the superconducting states in heavy fermion systems.
Heavy fermion (HF) systems exhibit wide variety of unconventional superconductivities [1] [2] [3] . For example, antiferro-and ferro-magnetic dipole (rank 1) fluctuations mediate interesting pairing states, such as d-wave singlet pairing in CeM In 5 (M =Rh,Co,Ir) [4] and triplet pairing in UCoGe [5] . Since the magnetic dipole fluctuations mediate repulsive pairing interaction, the superconducting gap function inevitably has sign-reversal [6] [7] [8] [9] [10] . However, there are many pairing states in HF systems that cannot be understood based by the rank 1 fluctuations mechanism. In HF systems, it is noteworthy that higherrank (r ≥ 2) multipole operators are also active thanks to the strong spin-orbit interaction (SOI), and therefore rich multipole physics emerges. Although higher-rank multipole fluctuations in principle cause exotic pairing states, theoretical studies have not been performed enough.
CeCu 2 Si 2 is a famous HF superconductor near the magnetic criticality [11] [12] [13] [14] , and recently reported fullygapped structure in CeCu 2 Si 2 attract considerable attention [15] [16] [17] [18] . The absence of nodes is confirmed by the measurements of the specific heat, thermal conductivity and penetration depth for T ≪ T c . In addition, robustness of T c against randomness strongly indicates the plain s-wave state without any sign-reversal [17] . Theoretically, magnetic multipole (MM) (r = 1, 3, 5) fluctuations will cause sign-reversing pairing states [19] . Therefore, electric multipole (EM) (r = 2, 4) fluctuations that give attractive pairing interaction would be important in CeCu 2 Si 2 , whereas the microscopic origin of EM fluctuations is unknown.
The minimum theoretical model of CeCu 2 Si 2 is the four-orbital (J z = ±5/2, ±3/2) periodic Anderson model (PAM) with on-site Coulomb interaction. However, if we apply the random-phase-approximation (RPA) to this model, none of EM fluctuations develop. This negative result indicates the significance of the vertex corrections (VCs), which represent the many-body effects beyond the RPA. Recently, it was revealed that higherrank multipole fluctuations develop cooperatively due to the Aslamazov-Larkin (AL) type χ-VC, which is the VC for the susceptibility, in the study of multipole order in CeB 6 [20] . Physically, the AL-VC gives strong interference between EM and MM fluctuations. Also, the attractive pairing interaction (such as phonon-mediated interaction) is strongly magnified by the U -VC, which is the VC for the electron-boson coupling in the gap equation [21] . Considering these VCs properly, mysterious plain swave superconductivity in CeCu 2 Si 2 may be understood in terms of the EM fluctuation mechanism, even if the e-ph interaction is absent.
In this paper, we develop a theory of multipole fluctuation mediated superconductivity in HF systems based on the multiorbital PAM. Due to the AL-VC for susceptibility (χ-VC), strong quadrupole and hexadecapole fluctuations develop even in the absence of e-ph interaction. In CeCu 2 Si 2 , the hexadecapole fluctuations mediate strong attractive pairing interaction, and it is magnified by the AL-VC for the electron-boson coupling (U -VC) in the gap equation. Thus, fully-gapped s-wave state is caused by the hexadecapole fluctuations against strong on-site repulsive Coulomb interaction. The present pairing mechanism may be significant to understand various HF superconductors. Now, we introduce a two-dimensional J = 5/2 PAM for CeCu 2 Si 2 . According to the LDA+DMFT study [22] , the following f -electron states in J z -basis are important near the Fermi level:
where Σ = ± denotes pseudo-spin [21, 23] . The kinetic term of the Γ
7 quartet PAM is given bŷ
where c † kσ (f † klσ ) is a creation operator for s (f l )-electron with momentum k. Here, we put Σ = σ since the pseudo-spin is conserved in the present PAM [21] . We set ǫ k = 2t ss (cos k x + cos k y ) + ǫ 0 and
l δE k (l = 1, 2). Here, δE k is given by small f -f hopping in-tegrals (|δE k | < 0.12|t ss |) as we explain in the supplemental material (SM) A [24] . V klσ is the f -s hybridization term between the nearest sites, given as [21] . To make the analysis simple, we set E
is the density of states (DOS) of f l -electrons. This is consistent with the relation D 1 (0) ≈ D 2 (0) given by LDA+DMFT study of CeCu 2 Si 2 [22, 25] . In the following numerical study, we set t ss = −1.0, E f = 0.1, ǫ 0 = 3.0, t sf = 0.62, temperature T = 0.045 and the chemical potential µ = −0.143. Then, f (s)-electron number is n f = 0.9 (n s = 0.3).
In Fig.1 (a) , we show the band structure. ǫ = 0 corresponds to the Fermi level. The total band width is W D ∼ 10 (in unit |t ss | = 1), and W D ∼ 10eV in CeCu 2 Si 2 [19] . The width of quasi-particle band (=the lowest band) is W qp D ∼ 1. The Fermi surface (FS) is shown in Fig.1 (b) . The anisotropy of f l -orbital weight on the FS is introduced by δE kl , which exists in real HF compounds. We call the present PAM with orbital anisotropy the model A. We will discuss later that the orbital anisotropy is favorable for the s-wave state. 
We introduce the interaction termĤ
0 is the 16 × 16 normalized Coulomb interaction, of which the maximum element is unity [21] . The pseudo-spin is conserved inĤ U .
The present model belongs to D 4h point group. The active irreducible representation (IR) are
. In TABLE I, we show the active EM operators and their approximate pseudo-spin representations. The 4 × 4 matrix form of each multipole operatorQ is shown in the SM B [24] .
From now on, we calculate the f -electron susceptibilities. The bare irreducible susceptibility is χ
Ĝ f is the f -electron Green function without self-energy [21] . To go beyond the RPA, we calculate the AL term for χ-VC,X AL . Its diagrammatic expression and analytic one are respectively given in Fig.2 (a) and in the SM C [24] . Since χ-VC is important only for EM susceptibilities, we project out the magnetic channel contribution of χ-VC [20, [26] [27] [28] [29] [30] . We also drop the MT-type VC since its contribution is small [20, [26] [27] [28] [29] [30] . Then, the f -electron susceptibility in the 16 × 16 matrix form is given aŝ
whereφ(q) =χ 0 (q) +X AL (q) is irreducible susceptibility. To derive the multipole susceptibility, we solve the following eigenvalue equation
where w Γ is the eigenvector that belongs to the IR Γ. It is expressed as
Then, the largest eigenvalueχ Γ q gives the multipole susceptibility for the IR Γ.
In Fig.2 (b) , we show the obtainedχ
With increasing u, all the EM fluctuations strongly develop thanks to the AL-VC. Thus, large EM susceptibilities originate from the interference of MM fluctuations, as discussed in the study of multipole order in CeB 6 [20] . For the EM susceptibilities, the maximum position ofχ
+ is q ≈ (0, 0). For the MM susceptibilities, the maximum position for Γ = A − 2 , E − is q ≈ (π/2, π/2). In the next stage, we solve the linearized gap equation with U -VC introduced in Ref. [21] :
where 
. The expression of Λ kp is given in Ref. [21] and SM C [24] . The gap equation is schematically shown in the inset of Fig.3 , where the black triangle is the U -VC. As explained in Ref. [21] , |Λ| 2 ≫ 1 for the electric channel in the presence of MM fluctuations. Therefore, the pairing interaction due to hexadecapole or quadrupole fluctuations is strongly enlarged by |Λ| 2 ≫ 1. As shown in Fig.3 , when u > 0.55, the d x 2 −y 2 -wave state is replaced with the s-wave state mediated by the strong EM fluctuations in Fig. 2 (b) . The obtained s-wave state is fully gapped without sign reversal, consistently with experiments in CeCu 2 Si 2 . −y2 -wave state is replaced with the fully gapped s-wave state for u > 0.55. Now, we discuss the origin of the s-wave superconductivity. For this purpose, we decompose the susceptibility into the summation of (Q, Q ′ )-channel as [20, 21] 
where χ 
2Λ
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In Fig.4 (a) 
(c) and (d). In model I, the orbital weight is perfectly isotropic, whereas the shape of FS is almost model-independent.
Figure 4 (e) shows the s-wave pairing interactions V χ and V U averaged over the FS. Both V χ and |V U | increase with u in both models due to large U -VC for the EM channel [21] . In model I, the total pairing interaction V sing = V χ + V U is always negative (=repulsive), so the d-wave state appears. In model A, in contrast, V sing becomes positive with u since not only H 0 fluctuations, but also other EM fluctuations contribute to the attractive pairing when δE k = 0. Therefore, the fully-gapped s-wave state is realized in model A. As shown in Fig. 3 , the eigenvalue λ for the s-wave state is very large because of the retardation effect as we explain in the SM D [24] . In fact, V sing due to EM fluctuations is attractive only for lower frequencies.
Finally, we discuss why all EM fluctuations contribute to the s-wave state in model A (δE k = 0). Since the relation D 1 (ǫ) ≈ D 2 (ǫ) holds even if δE k exists, the obtained EM-and MM-fluctuations are similar in both model A and I. On the other hand, the "inter-orbital pairing f k1↑ f −k2↓ " is suppressed in model A due to the k-dependence of the orbital character on the FS. The absence of inter-orbital pairing is favorable for s-wave state as we will discuss later.
One may expect that any EM fluctuations causes the attractive pairing interaction. However, some elements of the EM susceptibilityχ 
{χ
QQ (q)} 1↑,2↓;1↑,2↓ < 0 for Q = O yz,zx .) Now, we consider the gap equation when the pairing interaction is given asV (µν) =ḡ P µν ( P µν ) † , whereḡ > 0 andP µν ≡σ µτν (µ, ν = 0, x, y, z). All the EM operators are given by (linear combination of)P µν with (µν) = (00), (0x), (0z), (xy), (yy), (zy). The gap equation with BCS type cut-off ω c in the orbital basis is
As explained in Ref. [21] ,Ĝ f is expressed as
where
is the unhybridized f -Green function. We neglect the first term in Eq. (8) Here, we setĜ ∝σ 0 (τ 0 − aτ x ) and∆ ∝ iσ y (∆ 0τ0 + ∆ xτx ): a = 1 (a = 0) corresponds to model I (model A with |δE k | ≫ |V k1↑ | 2 ). In this case,
Then, the eigenvalue of the gap equation is
2 for (µν) = (0z), (xy), (yy), (zy), (11) where g =ḡD 1 (0)ln(ω c /T ).
In Fig.5 , we summarize the eigenvalue λ for each EM pairing interaction, in the case of a = 0 (intra orbital Cooper pair) and a = 1 (intra+inter orbital Cooper pair). We note thatP 0z ∝Ô 20 −2Ĉ andP 0x ∝ −3Ĥ 0 +2Ô 20 +Ĉ. In case of a = 0, all EM fluctuations contribute to the pairing. In case of a = 1, however, onlyP 0x and C channels contribute to the pairing. In the present PAM, charge (C) fluctuations are small, so they do not contribute to the pairing. SinceP 0x is included only in H 0 hexadecapole, the H 0 fluctuations give dominant s-wave pairing interaction. To summarize, the pairing interaction increases if the inter orbital Cooper pairs are killed by finite |δE k |, so the numerical results in Fig.4 are well understood.
, ,
FIG. 5:
Eigenvalue λ due toPµν EM interaction for a = 0 (intra orbital Cooper pair (CP)) and a = 1 (intra+inter orbital CP). Except forP0x andĈ =P00, the EM fluctuations give repulsive interaction for inter-orbital Cooper pair.
In summary, we studied the multipole fluctuation mediated superconductivity in HF systems based on the Γ
7 quartet PAM. Due to the AL-type χ-VC, strong quadrupole and hexadecapole fluctuations develop, and the resultant attractive interaction is enlarged by the U -VC in the gap equation. In CeCu 2 Si 2 , H 0 hexadecapole fluctuations mediate strong attractive pairing interaction. The s-wave state is further stabilized by introducing small δE kl , by which the inter-orbital Cooper pairs are killed. Moreover, if we introduce the e-ph interaction, both U -VCs (χ-VC and U -VC) and e-ph interaction would enlarge s-wave T c cooperatively [21, [31] [32] [33] [34] . The present pairing mechanism may be significant to understand various HF superconductors.
There are many important future issues, such as the self-energy effect [22, [35] [36] [37] [38] [39] and verificatoin of the multiorbital nature of the FS [22, 25, 40, 41] . Also, P -induced second superconducting phase of CeCu 2 Si 2 is an important issue [14] . Interplay between intra-and inter-orbital Cooper pairs
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A: Model Hamiltonian
In this section, we introduce the f -f hopping integrals, by which the f l -orbital weight has momentumdependence on the FS. The obtained f -electron kinetic term is [ 
Here, we set E k1 ≡ E 1 + δE k and E k2 ≡ E 2 − δE k . To reproduce the k-dependent δE k shown in Fig.S1 , we introduce from the first to fifth neighbor hopping integrals according to Refs. [1, 2] . The obtained momentumdependence of f l -orbital weight on the FS is shown in Fig. 1 (b) in the main text.
As discussed in Ref. [1] , the RPA susceptibility is insensitive to δE k since the f l -orbital DOS, D l (ǫ), is independent of δE k . In the present study, we verified that both χ-VC and U -VC are also insensitive to δE k . In HF systems, the quadrupole susceptibility remains small within the RPA. To understand this result, we examine the (Q, Q ′ ) component of normalized Coulomb interaction: 
B: Pseudospin representation of multipole operators
Here, we list the multipole operatorsQ in the present CeCu 2 Si 2 model, which were already explained in Ref. [1] . The EM (even-rank) operators in the 4 × 4 matrix form are expressed as
The MM (odd-rank) operators are given by
whereσ µ andτ µ (µ = x, y, z) are Pauli matrices for the pseudo-spin and orbital basis, respectively.σ 0 andτ 0 are identity matrices.
The row and column of the Hermite matrixQ for each operator is given as L = (l, σ), where l = 1, 2 represents the f -orbital and σ =↑, ↓ represents the pseudo spin. In the main text, we also introduce the vector representation defined as (
C: Analytic expressions of vertex corrections
From now on, we introduce the analytic expressions of χ-VC [3] and U -VC [1] due to AL diagrams. First, we discuss the χ-VCs, whose diagrammatic expressions are shown in Fig. 2 (a) in the main text. The expression for the AL1 term is given as
is the dressed interaction given by the RPA. The three-point vertex in Eq. (S9) is given as
f is the f -electron Green function. Also, the expression for the AL2 term is given as
The total χ-VC is given byX AL =X AL1 +X AL2 , by subtracting the double counting second order diagrams of order u 2 . Next, we explain the U -VC in the gap equation. It is given as
In the main text, we calculate the AL diagrams forL kk ′ . It is expressed as
EF CD (q, q + p) (S10) and
(S11)
D: Gap equation and retardation effect
Here, we comment on the retardation effects. In Fig.S2 , we show the obtained paring interaction on the FS defined as V sing max (ω j ) ≡ max k,k ′ {V sing (k,πT )(k ′ ,πT +ωj) }. The paring interaction is attractive (positive) at ω j = 0, whereas it becomes to repulsion for ω j > 0. For this reason, the gap function defined as ∆(ǫ n ) ≡ max k {∆(k, ǫ n )} shows the sign-change as the function of ǫ n , as shown in the inset of Fig.S2 . This is a hallmark of the retardation effects due to the strong ω j -dependence of the EM (even-rank) fluctuation. Since the depairing due to direct Coulomb interaction is reduced by the retardation effect, the fully-gapped s-wave superconductivity can be stabilized in HF systems. 
